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Craig Blackstone2 and Kirsten Harvey1*
1 Department of Pharmacology, UCL School of Pharmacy, University College London, London, UK, 2 Neurogenetics Branch,
National Institute of Neurological Disorders and Stroke – National Institutes of Health, Bethesda, MD, USA, 3 Department of
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Mutations in LRRK2 are a common cause of familial and idiopathic Parkinson’s disease
(PD). Recently, the LRRK2 GTPase domain R1398H variant was suggested in genetic
studies to confer protection against PD but mechanistic data supporting this is lacking.
Here, we present evidence that R1398H affects GTPase function, axon outgrowth,
and Wnt signaling in a manner opposite to pathogenic LRRK2 mutations. LRRK2
R1398H GTPase domain dimerization and GTP hydrolysis were increased whereas
GTP binding was reduced, leading to a decrease in active GTP-bound LRRK2.
This protective variant also increased axon length of primary cortical neurones in
comparison to wild-type LRRK2, whereas the R1441G LRRK2 pathogenic mutant
decreased axon outgrowth. Importantly, R1398H enhanced the stimulatory effect of
LRRK2 on canonical Wnt signaling whereas the G2385R risk variant, in accordance
with all previously tested pathogenic LRRK2 mutants, had the opposite effect. Molecular
modeling placed R1398H in close proximity to PD-causing mutations suggesting that
this protective LRRK2 variant, like familial mutations, affects intramolecular RocCOR
domain interactions. Thus, our data suggest that R1398H LRRK2 is a bona fide
protective variant. The opposite effects of protective versus PD associated LRRK2
variants on GTPase function and canonical Wnt signaling activity also suggests that
regulation of these two basic signaling mechanisms is important for neuronal function.
We conclude that LRRK2 mediated Wnt signaling and GTPase function are fundamental
in conferring disease susceptibility and have clear implications for therapeutic target
identification.
Keywords: GTPase activity, LRRK2, Parkinson’s disease, protective genetic variant, Wnt signaling
INTRODUCTION
Autosomal-dominant mutations in LRRK2, encoding leucine-rich repeat kinase 2 (LRRK2), are
the most common known cause of inherited Parkinson’s disease (PD; Paisán-Ruíz et al., 2004;
Zimprich et al., 2004). Patients with LRRK2 mutations display symptoms and brain pathologies that
are largely indistinguishable from those of individuals with idiopathic PD (Paisán-Ruíz et al., 2004;
Zimprich et al., 2004; Ross et al., 2006; Kumari and Tan, 2009). Thus, determining the biological
role of LRRK2 is of paramount importance to understanding the etiology of PD, and likely to help
uncover new therapeutic strategies.
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LRRK2 is a multifunctional protein containing both kinase
and GTPase activities and a number of protein–protein
interaction domains (Figure 1). The ‘catalytic core’ is contained
within the Roc (Ras of complex proteins), COR (C-terminal
of Roc) and kinase domains (Figure 1) and appears essential
for LRRK2 function (Berwick and Harvey, 2011). As the only
hereditary mutations that are proven to cause PD fall within
exons coding for the Roc, COR and kinase domains, the effects
of pathogenic mutations on LRRK2 enzymatic activities require
further investigation.
The precise extent of the LRRK2 GTPase domain remains
controversial. Restricting the LRRK2 GTPase domain to the Roc
domain can be justified by the similarity to Ras family small
GTPases. Arguing against this are, the observations that isolated
Roc protein appears to hydrolyse GTP at a greatly reduced rate
compared to full-length LRRK2 (Gilsbach and Kortholt, 2014)
and that throughout evolution, Roc and COR domains never
occur without each other (Bosgraaf and van Haastert, 2003). This
supports the definition of a LRRK2 GTPase “RocCOR tandem”
domain.
Based on homology to C. tepidum Roco protein, the
LRRK2 RocCOR tandem is predicted to fall into the GAD (G
proteins activated by nucleotide-dependent dimerization) class
of molecular switches (Gotthardt et al., 2008; Gasper et al.,
2009; Gilsbach and Kortholt, 2014). Under the GAD model, two
LRRK2 molecules are expected to dimerize via a constitutive
interaction between the COR domains holding the two Roc
domains in close proximity (Figures 1 and 3A,B). Binding
of GTP to the Roc domains results in protein dimerization
allowing binding of effector proteins. GTP hydrolysis disrupts
Roc dimerization, leading to the dissociation of effector proteins
(Gotthardt et al., 2008; Gasper et al., 2009; Gilsbach and Kortholt,
2014).
FIGURE 1 | LRRK2 domain structure and proposed function as a GAD
GTPase. (A) The domain structure of LRRK2 and location of key pathogenic
mutations and PD risk variants (∗) is depicted. Note the central catalytic core
consisting of the RocCOR tandem and kinase domains. (B) The assumed
behavior of the LRRK2 RocCOR tandem as a GAD protein is represented
graphically. In this model, COR domains are a constitutive dimerization device,
whilst Roc domains cycle between a GDP-bound and monomeric ‘off’ state,
and a GTP-bound and dimeric ‘on’ state.
All known PD-causing mutations located within the LRRK2
RocCOR domain have been reported to increase GTP-binding,
decrease GTPase activity, or both (Table 1) supporting the
idea that shifting LRRK2 to the GTP-bound ‘on’-state promotes
neurodegeneration.
A consensus on the cellular role of LRRK2 is still lacking,
with numerous competing – though not mutually exclusive –
functions reported. Nonetheless, a comprehensive literature
review identified cell biological processes involving LRRK2 that
appear to be reproducible (Berwick and Harvey, 2013) including
effects on membrane trafficking (Piccoli et al., 2011; Ramonet
et al., 2011; reviewed by Gómez-Suaga et al., 2014), cytoskeletal
function (Parisiadou et al., 2009; Law et al., 2014; reviewed by
Gómez-Suaga et al., 2014) and signal transduction pathways
including MAPK, Wnt, TLR, and NFAT pathways (Berwick and
Harvey, 2011; Boon et al., 2014; reviewed by Gómez-Suaga et al.,
2014).
A growing body of data supports the importance of
deregulated canonical Wnt signaling in neurodegenerative
disease pathogenesis, including PD (Berwick and Harvey,
2014; Inestrosa and Varela-Nallar, 2014). At least six proteins
implicated in PD have been described to modulate this pathway,
whilst development of the midbrain dopaminergic neurones that
are typically lost in PD is acutely dependent on canonical Wnt
signaling (Berwick and Harvey, 2014). Furthermore, decreased
Wnt signaling has been reported in PD patients (Cantuti-
Castelvetri et al., 2007), as well as in various animal models
of parkinsonism (L’Episcopo et al., 2011; Gollamudi et al.,
2012). Since Wnt ligands are well established as neuroprotective
(Berwick and Harvey, 2014; Inestrosa and Varela-Nallar, 2014),
the idea that decreased canonical Wnt signaling is involved
in PD pathogenesis is an attractive hypothesis. Importantly,
evidence for a crucial role of LRRK2 in canonical Wnt signaling
is accumulating. Protein–protein interactions between LRRK2
and a number of Wnt signaling components have been reported,
including interactions with disheveled (DVL) proteins, the
serine/threonine kinase GSK3β, and LRP6, a Wnt signaling
transmembrane receptor (Sancho et al., 2009; Lin et al., 2010;
Berwick and Harvey, 2012). Furthermore, over-expressed wild-
type LRRK2 enhances the signal strength of activated canonical
Wnt signaling (Berwick and Harvey, 2012). Intriguingly, this
effect of LRRK2 is weakened by PD-causing mutations in three
distinct catalytic domains of LRRK2 – R1441C in the Roc
domain, Y1699C in the COR domain, and G2019S in the kinase
domain (Berwick and Harvey, 2012) – suggesting that impaired
Wnt signaling is a common pathogenic mechanism of familial
LRRK2 mutations.
Recently, a number of genetic screens have reported an
inherited R1398H LRRK2 variant in the Roc domain (Chen
et al., 2010; Tan et al., 2010; Ross et al., 2011; Heckman et al.,
2013, 2014) that appears to confer decreased risk of PD. This
could prove extremely informative, since a protective variant
can be expected to display the opposite behavior to pathogenic
variants in disease-relevant assays. In a single study, R1398H was
reported to display decreased kinase activity compared to wild-
type LRRK2 (Tan et al., 2010). However, this observation should
be treated with caution, as this study also found the G2385R
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TABLE 1 | The effect of PD-causing mutations in the LRRK2 RocCOR tandem domain on GTP-binding and GTPase activity.
Mutation LRRK2 construct GTP binding GTP hydrolysis Prediction Reference
N1437H Full length ↑ ns ↑ GTP-bound Aasly et al., 2010
R1441C Full length ↑ ns ↑ GTP-bound West et al., 2007
R1441C Full length — ↓ ↑ GTP-bound Li et al., 2007
R1441C Full length — ↓ ↑ GTP-bound Lewis et al., 2007
R1441C Roc ns ↓ ↑ GTP-bound Deng et al., 2008
R1441C Full length ns ↓ ↑ GTP-bound Xiong et al., 2010
R1441C Roc, COR, kinase — — No change Xiong et al., 2010
R1441C 970-2527 ns ↓ ↑ GTP-bound Pungaliya et al., 2010
R1441C Full length ↑ ns ↑ GTP-bound Stafa et al., 2012
R1441G Full length ↑ ns ↑ GTP-bound West et al., 2007
R1441G Full length — ↓ ↑ GTP-bound Li et al., 2007
R1441G Full length ns ↓ ↑ GTP-bound Xiong et al., 2010
R1441H Roc ↑ ↓ ↑ GTP-bound Liao et al., 2014
“R1441”A C. tepidum RocCOR — ↓ ↑ GTP-bound Gotthardt et al., 2008
Y1699C Full length ↑ ns ↑ GTP-bound West et al., 2007
Y1699C Full length ns ↓ ↑ GTP-bound Xiong et al., 2010
Y1699C Full length — ↓ ↑ GTP-bound Daniëls et al., 2011
Y1699C Full length ↑ ns ↑ GTP-bound Stafa et al., 2012
“Y1699”C C. tepidum RocCOR — ↓ ↑ GTP-bound Gotthardt et al., 2008
Based on published data, the pathogenic N1437H, R1441C, R1441G, R1441H, and Y1699C mutations all elicit an increase in the fraction of GTP-bound LRRK2. Only
one construct, an R1441C RocCOR-kinase, displayed no changes in GTP-binding or GTP hydrolysis; however, this mutation decreased GTPase activity in full length
LRRK2 in the same publication. Note that mutations at residues equivalent to R1441 and Y1699 in C. tepidum Roco protein produce consistent results. Key: up and
down arrows represent increases and decreases, respectively; dashes represent no change; ‘ns’ indicates ‘not studied.’
risk variant to have increased kinase activity, in contrast to other
reports (Jaleel et al., 2007; West et al., 2007; Nichols et al., 2010;
Rudenko et al., 2012). In any case, the need to elucidate the
functional relevance of the R1398H experimentally is clear.
Here, we report the behavior of the LRRK2 R1398H variant in
five assays for which the effect of a bona fide protective mutation
in the LRRK2 Roc domain can be predicted: LRRK2 RocCOR
tandem domain dimerization, LRRK2 GTP-binding, LRRK2
GTPase assays, axon outgrowth, and canonical Wnt signaling
assays. Remarkably, R1398H displays the opposite behavior to
pathogenic mutants in all experiments. Furthermore, molecular
modeling studies suggest that this amino acid substitution is
likely to affect intramolecular RocCOR interactions, consistent
with the predicted mode of action for PD-causing mutations
in the RocCOR tandem. Thus our data (1) provide strong
experimental support for the status of LRRK2 R1398H as a
genuine protective variant; (2) increase the weight of evidence
that GTP-bound LRRK2 is pathogenic; and (3) provide further
data indicating that decreased canonical Wnt signaling is a key
pathomechanism underlying PD.
MATERIALS AND METHODS
Molecular Cloning
pDS-BAIT (pDS; Dualsystems Biotech) plasmids containing
the LRRK2 Roc and RocCOR domains (encoding amino acids
1330–1515 and 1335–1845, respectively), pACT2 (Clontech)
containing the LRRK2 RocCOR domain and pYTH16 containing
the intracellular domain of LRP6 (amino acids 1416–1613)
have been described previously (Daniëls et al., 2011; Berwick
and Harvey, 2012). pCHMWS vectors expressing 3× FLAG-
tagged wild-type LRRK2 and LRRK2-T1348N were a generous
gift from Dr. Jean-Marc Taymans (Daniëls et al., 2011). pRK5
myc-LRRK2 has also been described previously (Sancho et al.,
2009). R1398H, R1398H/R1441G and G2385R mutations were
introduced using the QuikChange Lightening site-directed
mutagenesis kit (Agilent) according to the manufacturer’s
instructions. All constructs were verified by DNA sequencing.
Culture of Immortalized Cell Lines
HEK293 cells and SH-SY5Y cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
(v/v) fetal bovine serum, 100 U/ml penicillin G and 100 µg/ml
streptomycin at 37◦C and 5% CO2. Transient transfection
was performed using FuGENE HD (Roche) according to the
manufacturer’s instructions, using a 2.5 µL transfection reagent
to 1 µg DNA ratio. In all cases, cells were harvested 24 h after
transfection.
Quantitative Yeast-Two Hybrid
The L40 yeast strain (Invitrogen) was co-transformed with pDS
Roc or RocCOR bait and pACT2 wild-type or mutant RocCOR
prey constructs, and the Y190 yeast strain (Clontech) was co-
transformed with the pYTH16 LRP6 intracellular domain bait
and pACT2 wild-type or mutant RocCOR prey constructs.
Transformations were spread on selective dropout media
(Clontech) lacking leucine and tryptophan for transformation
controls, or leucine, tryptophan and histidine, supplemented with
0.5 mM 3-aminotriazole (L40 strain) or 10 mM 3-aminotriazole
(Y190 strain; for suppression of ‘leaky’ histidine expression;
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Sigma-Aldrich) for nutritional selection. After incubation at
30◦C for 3 days, prototrophic colonies were picked and used
to inoculate minimal SD (Clontech) media lacking leucine and
tryptophan. Samples were subsequently incubated shaking at
30◦C overnight. Cell pellets were then resuspended in Z-buffer
(60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM
MgSO4.7H2O) containing 40 mM β-mercaptoethanol, followed
by lysis in 0.1% (w/v) SDS (Sigma-Aldrich) and 0.1% (v/v)
chloroform (Sigma-Aldrich). After the addition of chloropheno-
red-β-D-galactopyranoside (Sigma-Aldrich), the color change
was recorded at 540 nm and readings adjusted for turbidity of
the yeast suspension at 620 nm. The background signal (bait
plus empty pACT2 vector) was subtracted from each reading
and values were normalized to the wild-type RocCOR response,
which was set at 100%. All protein interactions were assayed in
three to five independent experiments in triplicate.
Molecular Modeling
Molecular modeling was performed on the C. tepidum Roco
structure (PDB: 3DPU; Gotthardt et al., 2008) using Chimera
(Pettersen et al., 2004). Amino acid substitutions were performed
with the swapaa command using the Dunbrack backbone-
dependent rotamer library (Dunbrack, 2002).
GTP-Binding Assay
HEK293 cells were transfected with 3× FLAG-tagged T1348N,
R1398H or wild-type LRRK2. The GTP binding assay was
performed similarly as described by others (Korr et al., 2006).
Briefly, cells were lysed for 10 min on ice in lysis buffer G
(100 mM Tris/HCl pH 7.5, 50 mM KCl, 1 mM EDTA, 0.1 mM
DTT, 5 mM MgCl2, 1% Triton X-100, protease inhibitor cocktail,
Roche), and lysates were centrifuged for 10 min at 20,000 g and
4◦C. Supernatants containing 100 µg protein each, as assessed by
QuickStart Bradford assay (Bio-Rad), were incubated for 80 min
at 4◦C with 30 µl of GTP-Sepharose bead suspension (Sigma)
that was pre-treated with 100 µg/ml BSA (Pierce) at 4◦C for
1 h. Samples were washed three times with 500 µl lysis buffer
G, before bound protein was eluted using 100 µM GTP in
lysis buffer G. The resulting eluate was added to 1× NuPAGE
sample buffer (Invitrogen) and heated for 6 min at 96◦C.
The eluates were analyzed by SDS-PAGE and immunoblotting.
Initially, protein was loaded into 4–12% (w/v) BisTris pre-cast
gels (Invitrogen), prior to transfer to polyvinylidine fluoride
membranes (Millipore). Non-specific bands were blocked for 1 h
at 37◦C with 5% (w/v) skimmed milk in PBS plus 0.1% (v/v)
Tween 20. Anti-Calnexin antibody (Abcam) was used at 1:4000,
and anti-FLAG antibody (Sigma-Aldrich) was used at 1:3000
at 4◦C overnight. For detection, an HRP-conjugated anti-rabbit
secondary antibody (Santa Cruz Biotechnology) was used at a
final dilution of 1:2000, together with the SuperSignal West Pico
Chemiluminescent Substrate (Pierce).
GTPase Assay
GTPase assays were carried out according to Daniëls et al.
(2011). Initially, HEK293 cells were transfected with 3× FLAG-
tagged T1348N, R1398H or wild-type LRRK2 and lysed after
24 h in GTPase lysis buffer [20 mM Tris/HCl pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 10% Glycerol, protease
inhibitor cocktail (Roche), phosphatase inhibitor cocktail 2
(Sigma-Aldrich)]. Cell lysates were clarified as above, added
to 40 µl of anti-FLAG M2 affinity gel (Sigma-Aldrich) and
incubated overnight at 4◦C on a turning disk in order to purify
the FLAG-tagged proteins. The affinity gel was subjected to
centrifugation (4◦C, 100 g, 3 min), followed by two washes in
GTPase lysis buffer and a brief rinse in GTPase buffer (20 mM
Tris/HCl pH 7.5, 150 mM NaCl, 10 mM MgCl2, 0.02% Triton
X-100). Proteins were eluted from beads with 3× FLAG peptide
(Sigma-Aldrich) in GTPase buffer according to manufacturer’s
instructions. The protein concentration of eluates were calculated
from a serial BSA dilution curve, with purity assessed by running
a small volume of each sample on an SDS-PAGE gel and staining
with GelCode Blue Stain Reagent (Pierce). GTPase assays were
performed according to Margalit et al. (2004) using 80 nM
LRRK2 protein in GTPase buffer containing 20 U/ml pyruvate
kinase (EC 2.7.1.40)/lactate dehydrogenase (EC 1.1.1.27; Sigma-
Aldrich), 600 µM NADH (Sigma-Aldrich), 1 mM PEP (Sigma-
Aldrich) and 500 µM GTP (Sigma-Aldrich) in a final volume
of 200 µl. Reaction mixes were equilibrated to 30◦C for 10 min
before the reactions were initiated by the addition of GTP
and thorough mixing of the contents. Depletion of NADH was
measured by monitoring the decrease in absorbance at 340 nm
every 5 min across a 50 min period using a VersaMax microplate
reader (Molecular Devices).
Primary Cortical Neuronal Cultures
Primary cultures of rat cortical neurones were prepared from
E18 embryos obtained from timed-pregnant Sprague-Dawley rats
(Taconic Biosciences, Hudson, NY, USA) narcotized with CO2
(in cylinders) then decapitated using a guillotine. All animal
studies were approved by the National Institute of Neurological
Disorders and Stroke/National Institute on Deafness and Other
Communication Disorders Animal Care and Use Committee
(Protocol 1151-12). Neurones were transfected with wild-type
and mutant myc-tagged LRRK2 using the Amaxa Rat Neuron
Nucleofector Kit, program 0-03, according to the manufacturer’s
protocol (Lonza Group, Basel, Switzerland). Neurones were then
plated at a density of approximately 2.6 × 104/cm2 on cover
slips and maintained as described previously (Zhu et al., 2006).
At 7 days in vitro (DIV) neurones were fixed for 10 min
with 4% paraformaldehyde, and permeabilized for 15 min with
0.05% Triton-X (Sigma-Aldrich) prior to a 1 h block in 5%
NGS (GIBCO). Slides were then immunostained with primary
and Alexa Fluor secondary antibodies, mounted using ProLong
gold (Life Technologies), and imaged using a Zeiss LSM710
laser-scanning confocal microscope. Primary antibodies against
the following proteins were used: myc-epitope (Santa Cruz
Biotechnology), MAP2 (Abcam) and Tau-1 (Abcam). Alexa Fluor
488 (rabbit), 555 (mouse) and 633 (goat) secondary antibodies
(Thermo Scientific) were used against myc, tau and MAP-2
epitopes respectively.
Axon Length Measurements
Axon outgrowth properties of neurones were quantified
manually. Three to six coverslips from three independent
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FIGURE 2 | R1398H increases LRRK2 RocCOR dimerization. Quantitative YTH assays reveal that the presence of an R1398H variant in the RocCOR prey
constructs (A) increases the interaction strength with a RocCOR bait whereas the pathogenic R1441G mutant has the opposite effect (one-way ANOVA for effect of
genotype, F = 39.286, p < 0.001; n = 5). Values shown are the means of five independent experiments. (B) The R1398H variant also increases the interaction
strength with an isolated Roc domain bait whilst the pathogenic R1441G, R1441H, and Y1699C LRRK2 mutations weaken interaction strength (one-way ANOVA for
effect of genotype, F = 34.729, p < 0.001; n = 3–6). (C) All LRRK2 mutant constructs express at an equivalent level to wild-type LRRK2. Values shown are the
means of at least three independent experiments. p-values for post hoc Dunnett’s testing relative to wild-type LRRK2 are shown. Error bars represent the standard
error of the mean.
experiments for each genotype were analyzed. Axonal
outgrowth and branching of dissociated neurones were
quantified manually and verified using the NeuronJ plugin
for ImageJ. Transfected neurones were identified using the
myc-epitope antibody, whilst the length of the longest Tau-1
stained process from each neurone was measured. At least 40
neurones were quantified for each genotype, myc vector control,
myc-LRRK2 wild-type, myc-LRRK2 R1398H, myc-LRRK2
R1441G, and myc-LRRK2 R1398H/R1441G from at least three
coverslips.
Luciferase Assays
Canonical Wnt activity was measured using the TOPflash
reporter plasmid (Veeman et al., 2003) in human dopaminergic
SH-SY5Y cells as described previously (Berwick and Harvey,
2012). Cells were extracted 24 h post-transfection using
Passive Lysis Buffer (Promega) and assays performed using
a Dual Luciferase Reporter Assay kit (Promega) and Turner
Instruments 20/20 luminometer. Luciferase values were
normalized to co-transfected Renilla plasmid to adjust for
transfection efficiency, and then corrected to values from parallel
experiments performed using the FOPflash control plasmid
(Veeman et al., 2003).
Statistical Analysis
GTPase assays (Figure 4D) were tested by two-way ANOVA
with repeated measures, with the independent variables genotype,
time, and time × genotype, followed by post hoc analysis by
two-sided Dunnett’s testing. Axonal branching was assessed by
Kruskal–Wallis (Figure 6B) or Mann–Witney (Supplementary
Figure S2A) tests. Axon length was analyzed by one-way ANOVA
followed by Bonferroni post hoc analysis (Figure 6C) or Student’s
t-test (Supplementary Figure S2B). For axon length analysis,
outliers (values defined as differing from the mean by 2 or more
standard deviations) were first excluded. All other experiments
were analyzed by one-way ANOVA for the effect of genotype
followed by a two-sided Dunnett’s test with wild-type LRRK2
considered the control. Student’s t-test was performed using
Excel, all other statistics were performed with SPSS software. All
error bars represent the standard error of the mean.
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RESULTS
In Contrast to LRRK2 GTPase Mutants
Causing PD, R1398H Increases RocCOR
Dimerization
To investigate functional effects of R1398H, we studied this
variant in assays of LRRK2 RocCOR domain dimerization.
These sensitive quantitative yeast-two hybrid (Q-YTH) assays
have been used previously in our laboratory to show that
the PD-causing R1441C, R1441G, R1441H, and Y1699C
mutations significantly weaken RocCOR domain dimerization
(Daniëls et al., 2011). Intriguingly, R1398H elicited an effect
opposite to these pathogenic mutations, with increased RocCOR
dimerization observed (Figure 2A). The R1441G mutant was
studied as a pathogenic control showing as expected a significant
decrease in RocCOR dimerisation (Figure 2A). Consistently,
R1398H also strengthened interaction between the LRRK2
RocCOR tandem domain and an isolated wild-type LRRK2 Roc
domain, whilst the R1441G, R1441H, and Y1699C pathogenic
mutations weakened this interaction (Figure 2B). R1441C was
also studied in this experiment, displaying a non-significant trend
toward decreased interaction (Figure 2B). These effects were
not due to changes in protein expression (Figure 2C). Thus,
in contrast to proven PD-causing RocCOR mutations, R1398H
enhanced intermolecular dimerization within the LRRK2 GTPase
domain.
Molecular Modeling Suggests that
LRRK2 R1398H Affects Intramolecular
RocCOR Interaction
To examine the molecular mechanism underlying altered
RocCOR dimerization, the predicted location of R1398 was
examined by molecular modeling of the closest available protein
structure: the RocCOR tandem domain of C. tepidum Roco
protein (Gotthardt et al., 2008). Supporting the importance
of R1398 in RocCOR dimerization, the equivalent residue in
Roco (Q519) resides on the internal face of each Roc domain.
To examine the role of human R1398, this amino acid was
swapped to arginine in our model (Figure 3C). Using the
most probable rotamer conformation, the long basic side chain
of arginine projected toward the COR domain of the same
molecule. Indeed, R1398 was predicted to bond with the hydroxyl
FIGURE 3 | R1398H is predicted to affect intramolecular RocCOR interactions. (A) The topology of the dimeric RocCOR tandem domain from C. tepidum
Roco protein is shown as a space-filled structure, viewed from two orientations. Roc and COR domains are labeled. For clarity, the Roc and COR domains of one
molecule are depicted in shades of blue, the domains of the second molecule are yellow. (B) A magnified top view of the Roco dimer as a ribbon model. The internal
location on both Roco molecules of the equivalent residue to human R1398 is colored red, and labeled. Arginine side chains are shown. (C) A magnified image of
the modeled R1398, showing the arginine side chain projecting toward the equivalent residue S1671 in human LRRK2. A potential hydrogen bond between these
residues is shown. (D) Swapping arginine to histidine at the R1398-equivalent site prevent hydrogen bonding to S1671. (E) Comparison of the sequence around
R1398 and S1671 in human LRRK2 with those in human LRRK1 and C. tepidum Roco protein. Note that a serine at the 1671-position is conserved in mammalian
LRRK2 proteins and amongst Roco proteins in lower organisms. By contrast, LRRK1 proteins contain a histidine residue at this position.
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FIGURE 4 | R1398H decreases the fraction of LRRK2 in the GTP-bound ‘on’-state and increases GTPase activity. (A,B) GTP binding assays reveal
decreased binding of R1398H mutant LRRK2 to GTP-sepharose compared to wild-type. (A) Shows a representative experiment; (B) the mean of three independent
experiments (one-way ANOVA for effect of genotype, F = 48.475, p < 0.001) with p-values from post hoc Dunnett’s testing indicated. Values were adjusted to the
amount of transfected LRRK2 in cell lysates; gels were re-probed for calnexin to show protein loading and to confirm the purity of GTP-bound protein. (C) A protein
gel showing the purity and concentration of FLAG-tagged LRRK2 protein to be used in GTPase assays. The masses (kDa) of the molecular weight marker bands are
shown. (D) GTP hydrolysis assays reveal that the R1398H mutant displays greater GTPase activity than wild-type LRRK2. Two-way ANOVA with repeated measures
and a Greenhouse–Geisser correction revealed significant effects of time (F = 224.221; p < 0.001), genotype (F = 24.06; p < 0.001) and interaction between time
and genotype (F = 7.021; p < 0.001). p-values from post hoc two-sided Dunnett’s tests are shown. Value are the means of four independent experiments. Error
bars represent the standard error of the mean.
group of a conserved serine in the COR domain (S778 in
Roco, S1671 in LRRK2, predicted hydrogen bond distance:
2.776 Å). This is an intriguing possibility, since the R1441C/G
and Y1699C pathogenic mutations have also been predicted to
modify intramolecular RocCOR interactions (Gotthardt et al.,
2008; Daniëls et al., 2011). In agreement, conversion of R1398
to the much shorter histidine – representative of R1398H –
prevented bonding with the conserved serine (Figure 3D). Taken
together, our molecular modeling suggests that the observed
increase in intermolecular RocCOR dimerization caused by
R1398H (Figure 2) likely occurs via an indirect mechanism,
involving changes to intramolecular interactions between Roc
and COR domains.
R1398H Decreases the Fraction of
GTP-Bound LRRK2
Numerous reports indicate that PD-causing mutations in the
LRRK2 RocCOR tandem domain increase the ratio of GTP-
bound (‘on’) LRRK2 to GDP-bound (‘off ’) LRRK2, by weakening
GTPase activity and/or facilitating GTP binding (Table 1). In
principle, a protective amino acid substitution located within
this portion of LRRK2 would be expected to have the opposite
effect. Thus, the effect of the R1398H variant on LRRK2
GTPase function was examined directly, using full-length human
LRRK2 expressed in mammalian cells. Firstly, this variant was
studied in GTP binding assays. As reported by others, wild-
type LRRK2 bound strongly to immobilized GTP, whilst a
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FIGURE 5 | R1398H increases canonical Wnt signaling. (A) R1398H
increases the activation of the TOPflash reporter by DVL1 relative to wild-type
LRRK2, whilst the R1441G mutant and G2385R LRRK2 risk variant
decreases reporter activation (one-way ANOVA for effect of genotype,
F = 20.666, p < 0.001). (B) All LRRK2 mutant constructs express at an
equivalent level to wild-type LRRK2. Values shown are the means of at least
three independent experiments performed in triplicate, and are normalized to
control experiments performed in parallel using the FOPflash reporter plasmid.
p-values from post hoc two-way Dunnett’s testing are indicated (WT, n = 21;
R1398H, n = 9; R1441G, n = 12; G2385R, n = 12). Error bars represent the
standard error of the mean.
well-characterized mutant, LRRK2 T1348N, had negligible GTP-
binding capacity (Figures 4A,B). Strikingly, the R1398H variant
also displayed weakened GTP binding (∼47% of wild-type),
although this value was more than threefold greater than for
T1348N LRRK2, indicating that GTP binding is not abolished
entirely.
We next examined the effect of the LRRK2 R1398H variant
on GTP hydrolysis in vitro, using steady-state GTPase assays.
FLAG-tagged wild-type LRRK2, and LRRK2 containing T1348N
and R1398H amino acid substitutions were purified from
HEK293 cells (Figure 4C), and equimolar amounts were used
in subsequent experiments (Figure 4D). This protein produced
a steady turnover of GTP, confirming that wild-type LRRK2
possesses intrinsic GTPase activity (Figure 4D, open circles).
Unsurprisingly, since T1348N LRRK2 is almost unable to bind
GTP, this mutant possessed very little GTPase activity, with
GTP hydrolysis undetectable until the 20 min time point
(Figure 4D, gray circles). However, R1398H LRRK2 showed a
marked increase in GTP hydrolysis relative to wild-type LRRK2
(Figure 4D, black triangles). In summary, the protective R1398H
LRRK2 variant weakens GTP binding but increases steady-state
GTP hydrolysis, both of which are consistent with a decrease in
the proportion of GTP-bound LRRK2.
The Protective R1398H LRRK2 Variant
Increases Canonical Wnt Signaling
We have previously reported that PD-causing mutations in
the Roc, COR and kinase domains of LRRK2 weaken the
activation of canonical Wnt signaling that is elicited by disheveled
(DVL) proteins (Berwick and Harvey, 2012). Consistent with
this finding, the LRRK2 R1441G pathogenic mutant and
importantly the WD40 domain G2385R PD risk variant also
reduce pathway activation relative to wild-type LRRK2 in SH-
SY5Y cells (Figure 5A). By contrast, LRRK2 R1398H enhanced
DVL1-driven Wnt activation almost twice as much as wild-
type LRRK2 (Figure 5A). This opposing effect of the protective
LRRK2 variant to that described for pathogenic variants in four
distinct LRRK2 domains is notable, and cannot be attributed
to altered expression levels (Figure 5B). These experiments
suggest a strong correlation between PD risk conferred by LRRK2
variants and regulation of canonical Wnt signaling activity.
To further examine a possible causal mechanism that
affects canonical Wnt signaling, we investigated the interaction
between the LRRK2 R1398H variant and the canonical Wnt
co-receptor LRP6 in Q-YTH experiments. Using the LRP6
intracellular domain as bait and the LRRK2 RocCOR tandem
domain as prey, we observed a decrease in the interaction
strength with the R1398H protective variant relative to wild-
type LRRK2 (Supplementary Figures S1A,B). Since pathogenic
LRRK2 GTPase mutants also show a decrease in protein–
protein interaction (Supplementary Figure S1A, Berwick and
Harvey, 2012) altered LRRK2-LRP6 interactions do not explain
the increase in canonical Wnt signaling activity of the R1398H
protective variant relative to the decrease observed for pathogenic
LRRK2 variants.
Protective R1398H LRRK2 Variant
Increases Axon Length in Cultured
Cortical Neurones
Temporary differences in neurite outgrowth between LRRK2
knockout, mutant and wild-type neurones have been reported
in various experimental systems (MacLeod et al., 2006; Dächsel
et al., 2010; reviewed by Gómez-Suaga et al., 2014). As LRRK2
GTPase activity and Wnt signaling activity (Salinas, 2012;
Gómez-Suaga et al., 2014) affect neurite outgrowth, we decided
to examine axon length and branching as a correlate for neurite
outgrowth and complexity in rat cortical neurones in primary
culture overexpressing LRRK2 wild-type and variants at 7 DIV.
Over-expression of wild-type LRRK2 had no effect on mean
axonal length (p = 0.082) or axon branching (p = 0.695)
relative to neurones transfected with empty vector control
(Supplementary Figure S2). Furthermore, no difference in axon
branching was observed between the different LRRK2 genotypes
(Kruskal–Wallis χ2 = 0.943, p= 0.815; Figure 6B). However, the
overexpression of LRRK2 mutants had a marked effect on axon
length (F = 23.52, p < 0.001; Figure 6C). In agreement with
previous work, neurones overexpressing the pathogenic LRRK2
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FIGURE 6 | The protective R1398H LRRK2 variant increases axonal length in primary cortical neuronal cultures. Rat primary neurones were transfected
with wild-type LRRK2 or the indicated variants prior to fixation and staining for axonal tau protein after 7 DIV. (A) Shows representative images of LRRK2-transfected
neurones. (B) Quantification of the number of axon branches per neurone reveals no effect of R1441G or R1398H mutations (WT, n = 49; R1398H, n = 26;
R1441G, n = 38; R1398H/R1441G, n = 31). (C) By contrast, R1398H increases axonal length and rescues the decrease in length caused by the pathogenic
R1441G mutant (WT, n = 49; R1398H, n = 32; R1441G, n = 56; R1398H/R1441G, n = 39). (D) All LRRK2 mutant constructs were expressed at an equivalent level
to wild-type LRRK2. Scale bar: 30 µm. p-values from post hoc Bonferroni tests are shown. Error bars represent the standard error of the mean.
R1441G mutant showed a reduction in axon length relative to
wild-type LRRK2 (MacLeod et al., 2006; Cho et al., 2013). By
contrast, the protective R1398H variant increased axon length
in comparison to wild-type overexpressing cells. Remarkably,
R1398H was able to rescue the effect of R1441G, as a double
R1398H/R1441G mutant phenocopied the effect of the R1398H
single mutant (Figure 6).
DISCUSSION
Our data provide robust experimental evidence consistent with
the idea that the familial LRRK2 R1398H variant is protective
against PD. Firstly, in contrast to the pathogenic R1441C,
R1441G, R1441H, and Y1699C variants (Figure 2A; Klein
et al., 2009; Daniëls et al., 2011; Law et al., 2014), R1398H
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FIGURE 7 | R1398 is located in close proximity to the N1437, R1441,
and Y1699 PD mutants location. A magnified image of the C. tepidum
Roco protein structure showing the close spatial proximity of R1398 to three
sites of pathogenic mutation, N1437, R1441, and Y1699. Mutations at all four
residues are expected to alter intramolecular interactions between Roc and
COR domains. Note that A1442 has also been implicated as the site of a
PD-causing mutation (Huang et al., 2007).
increases LRRK2 RocCOR domain dimerization (Figure 2).
Secondly, our molecular modeling suggests that this amino
acid substitution will affect the interaction between the Roc
and COR domains of the same molecule (Figure 3). Similarly,
the R1441C/G/H and Y1699C mutations, and indirectly the
N1437H mutation, have been suggested to affect intramolecular
RocCOR interactions and consequently RocCOR dimerization
as a proposed molecular pathomechanism (Gotthardt et al.,
2008; Klein et al., 2009; Daniëls et al., 2011). Thirdly, our
GTP-binding and GTP hydrolysis assays point toward R1398H
decreasing the ratio of GTP-bound to GDP-bound LRRK2. This
is in direct contrast to PD-causing mutations in the LRRK2
RocCOR tandem domain (Table 1). Fourthly, the R1398H
protective variant increases axon length in cortical neurones,
whereas LRRK2 mutants cause shortening of axons in equivalent
assays (Figure 6, MacLeod et al., 2006; Dächsel et al., 2010;
reviewed by Gómez-Suaga et al., 2014). And fifthly, R1398H
has the opposite effect to pathogenic mutations and variants
located throughout LRRK2 in cellular assays of canonical Wnt
activity (Figure 5; Berwick and Harvey, 2012). Taken together,
we believe our data make a persuasive case in support of the
genetic evidence that the R1398H variant is a genuine protective
variant.
Curiously, structure-based alterations at the R1398 site have
already been studied in assays of LRRK2 GTPase function and
produced results that are consistent with our R1398H data. This
is encouraging, since mutation of R1398 to any other amino
acid can be expected to prevent hydrogen bonding to S1671.
The best-studied structure-based LRRK2 R1398 mutant, R1398L,
was designed from Ras GTPase homology models, with the
expectation that it would behave similarly to the Q61L amino acid
substitution that renders Ras proteins ‘GTP-locked.’ However,
R1398L had the opposite effect. This change increased GTPase
activity, both in full-length LRRK2 and in a deletion construct
containing the Roc, COR and kinase domains of LRRK2
(RocCOR-kinase; Xiong et al., 2010; Stafa et al., 2012; Biosa et al.,
2013). R1398L also weakened GTP-binding in RocCOR-kinase
constructs, although no effect was seen in full-length LRRK2
(Xiong et al., 2010; Biosa et al., 2013). Although in disagreement
with expectations, these data are clearly in accordance with
our results for LRRK2 R1398H. An R1398Q mutant was also
studied, with the rationale that this mutation would render
LRRK2 more like wild-type Ras, but no statistically significant
changes to GTP-binding or GTP hydrolysis were detected using
full-length LRRK2 (Biosa et al., 2013). However, when R1398Q
was introduced into a RocCOR-kinase construct alongside a
second Ras-like amino acid substitution, T1343G, GTP-binding
was decreased and GTP hydrolysis increased (Xiong et al., 2010).
As mentioned, PD-causing mutations outside the RocCOR
tandem domain do not appear to operate via the same
mechanism as those affecting GTPase function, i.e., they do not
shift LRRK2 GTPase toward the GTP-bound ‘on’-state. This is
curious, since logic would dictate that the effects of all PD-causing
mutations in LRRK2 should converge on the same process or
processes eventually. By extension, a protective variant would be
expected to affect the same process, but in the opposite direction.
With this in mind, it is striking that the protective LRRK2
R1398H variant appears to enhance canonical Wnt signaling.
This observation is opposite to our data for pathogenic mutations
throughout the catalytic core of LRRK2 (Berwick and Harvey,
2012), and a PD risk variant in the C-terminal WD40 domain
(Figure 7).
Our data add to the growing body of evidence indicating that
deregulation of canonical Wnt signaling is involved in LRRK2
PD (Berwick and Harvey, 2014). Previous studies have revealed
that LRRK2 interacts with DVL proteins that play a central role
in all branches of Wnt signaling: (i) canonical; (ii) planar cell
polarity (PCP); and (iii) Wnt/Ca2+-signaling (Sancho et al., 2009;
Berwick and Harvey, 2012). LRRK2 also interacts with multiple
components of the β-catenin destruction complex in vivo
and associates with the Wnt co-receptor LRP6 at membranes.
Importantly, expression of familial LRRK2 mutants results in
decreased activation of Wnt/β-catenin signaling (Berwick and
Harvey, 2012). Strikingly, in this study we show that the R1398H
mutant has the opposite effect.
Our data also have implications beyond LRRK2 PD. Wnt
signaling pathways have emerged as essential regulators of
neuronal development and maintenance (Inestrosa and Arenas,
2010). Wnt ligands are known to activate signaling pathways
that lead to remodeling of the cytoskeleton and promote neurite
outgrowth via small GTPases (Inestrosa and Arenas, 2010).
Deficiencies in Wnt signaling pathways have been shown to
affect synaptic stability in the striatum (Arenas, 2014), whilst
antagonism of canonical Wnt signaling in the substantia nigra
promotes dopaminergic neurone death (L’Episcopo et al., 2014).
Wnt signaling is also important in the interplay between
the immune system (astrocytes, microglia) and neurones, and
deregulation affects adult neurogenesis (SVZ plasticity) with age
(L’Episcopo et al., 2014). Furthermore, both aging and neurotoxin
exposure are reported to down-regulate canonical Wnt signaling
in the adult midbrain, thereby increasing the vulnerability
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of dopaminergic neurones. Taken together these observation
provide strong evidence that Wnt signaling regulates multiple cell
biological functions in the midbrain dopaminergic neurones that
degenerate in PD, and that the age-related decrease in canonical
Wnt activity may have a central role in the pathogenesis of
sporadic forms of PD.
CONCLUSION
Our data support a model where pathogenic RocCOR mutants
display altered intramolecular RocCOR interactions, leading to
weakened RocCOR dimerization, increased GTP binding and
decreased GTP hydrolysis. Together, these effects lead to a greater
proportion of LRRK2 molecules existing in the GTP-bound
‘on’-state. The protective R1398H Roc domain mutation also
affects RocCOR interactions but with the opposite result, leading
to more LRRK2 in the ‘off ’-state. As such, developing small
molecules to decrease LRRK2 GTP-binding and/or stimulate
LRRK2 GTPase activity seems a promising strategy for the
development of PD modifying treatments and has already shown
some encouraging results in LRRK2 GTP and kinase domain
mutant PD models (Li et al., 2014, 2015).
AUTHOR CONTRIBUTIONS
JN-A, DB, CB, and KH designed the experiments; JN-A, DB,
SG, and VS performed the experiments; JN-A, DB, SG, and KH
analyzed the data; DB and KH wrote the paper. All authors were
involved in revising the paper for important intellectual content,
and gave final approval of the version to be published.
FUNDING
This work was supported by The Wellcome Trust
[WT088145AIA, WT095010MA to KH], the Medical Research
Council [MR/M00676X/1 to KH] and a Vera Down British
Medical Association Research Grant [to KH]. CB and
JN-A were also supported by the Intramural Research
Program of the NINDS, National Institutes of Health.
The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the
manuscript.
ACKNOWLEDGMENTS
We thank Dr. Jean-Marc Taymans (KU Leuven, Leuven,
Belgium) for guidance in performing GTPase assays,
Dr. Victoria James (University College London, London,
UK) for assistance with molecular modeling, Dr. Peng-
Peng Zhu (National Institutes of Health, Bethesda, MD,
USA) for instruction on culturing primary neurones
and Emma Schul (University College London, London,
UK) for use of the microplate reader for GTPase
assays.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnmol.
2016.00018
REFERENCES
Aasly, J. O., Vilariño-Güell, C., Dachsel, J. C., Webber, P. J., West, A. B.,
Haugarvoll, K., et al. (2010). Novel pathogenic LRRK2 p.Asn1437His
substitution in familial Parkinson’s disease. Mov. Disord. 25, 2156–2163. doi:
10.1002/mds.23265
Arenas, E. (2014). Wnt signaling in midbrain dopaminergic neuron development
and regenerative medicine for Parkinson’s disease. J. Mol. Cell Biol. 6, 42–53.
doi: 10.1093/jmcb/mju001
Berwick, D. C., and Harvey, K. (2011). LRRK2 signaling pathways. The
key to unlocking neurodegeneration? Trends Cell Biol. 21, 257–265. doi:
10.1016/j.tcb.2011.01.001
Berwick, D. C., and Harvey, K. (2012). LRRK2 functions as a Wnt signaling
scaffold, bridging cytosolic proteins and membrane-localized LRP6. Hum. Mol.
Genet. 21, 4966–4979. doi: 10.1093/hmg/dds342
Berwick, D. C., and Harvey, K. (2013). LRRK2: an éminence grise of Wnt-
mediated neurogenesis? Front. Cell. Neurosci. 7:82. doi: 10.3389/fncel.2013.
00082
Berwick, D. C., and Harvey, K. (2014). The regulation and deregulation of Wnt
signaling by PARK genes in health and disease. J. Mol. Cell. Biol. 6, 3–12. doi:
10.1093/jmcb/mjt037
Biosa, A., Trancikova, A., Civiero, L., Glauser, L., Bubacco, L., Greggio, E., et al.
(2013). GTPase activity regulates kinase activity and cellular phenotypes of
Parkinson’s disease-associated LRRK2. Hum. Mol. Genet. 22, 1140–1156. doi:
10.1093/hmg/dds522
Boon, J. Y., Dusonchet, J., Trengrove, C., and Wolozin, B. (2014). Interaction of
LRRK2 with kinase and GTPase signaling cascades. Front. Mol. Neurosci. 7:64.
doi: 10.3389/fnmol.2014.00064
Bosgraaf, L., and van Haastert, P. J. (2003). Roc, a Ras/GTPase domain in complex
proteins. Biochim. Biophys. Acta 1643, 5–10. doi: 10.1016/j.bbamcr.2003.
08.008
Cantuti-Castelvetri, I., Keller-McGandy, C., Bouzou, B., Asteris, G., Clark, T. W.,
Frosch, M. P., et al. (2007). Effects of gender on nigral gene expression and
parkinson disease. Neurobiol. Dis. 26, 606–614. doi: 10.1016/j.nbd.2007.02.009
Chen, L., Zhang, S., Liu, Y., Hong, H., Wang, H., Zheng, Y., et al. (2010). LRRK2
R1398H polymorphism is associated with decreased risk of Parkinson’s disease
in a Han Chinese population. Parkinsonism Relat. Disord. 17, 291–292. doi:
10.1016/j.parkreldis.2010.11.012
Cho, H. J., Liu, G., Jin, S. M., Parisiadou, L., Xie, C., Yu, J., et al. (2013). MicroRNA-
205 regulates the expression of Parkinson’s disease-related leucine-rich repeat
kinase 2 protein. Hum. Mol. Genet. 22, 608–620. doi: 10.1093/hmg/dds470
Dächsel, J. C., Behrouz, B., Yue, M., Beevers, J. E., Melrose, H. L., and Farrer, M. J.
(2010). A comparative study of Lrrk2 function in primary neuronal cultures.
Parkinsonism Relat. Disord. 16, 650–655. doi: 10.1016/j.parkreldis.2010.08.018
Daniëls, V., Vancraenenbroeck, R., Law, B. M., Greggio, E., Lobbestael, E., Gao, F.,
et al. (2011). Insight into the mode of action of the LRRK2 Y1699C pathogenic
mutant. J. Neurochem. 116, 304–315. doi: 10.1111/j.1471-4159.2010.07105.x
Deng, J., Lewis, P. A., Greggio, E., Sluch, E., Beilina, A., and Cookson, M. R. (2008).
Structure of the ROC domain from the Parkinson’s disease-associated leucine-
rich repeat kinase 2 reveals a dimeric GTPase. Proc. Natl. Acad. Sci. U.S.A. 105,
1499–1504. doi: 10.1073/pnas.0709098105
Dunbrack, R. L. (2002). Rotamer libraries in the 21st century. Curr. Opin. Struct.
Biol. 12, 431–440. doi: 10.1016/S0959-440X(02)00344-5
Gasper, R., Meyer, S., Gotthardt, K., Sirajuddin, M., and Wittinghofer, A. (2009).
It takes two to tango: regulation of G proteins by dimerization. Nat. Rev. Mol.
Cell. Biol. 10, 423–429. doi: 10.1038/nrm2689
Frontiers in Molecular Neuroscience | www.frontiersin.org 11 March 2016 | Volume 9 | Article 18
fnmol-09-00018 March 4, 2016 Time: 18:54 # 12
Nixon-Abell et al. Functional Characterization of a LRRK2 Protective Variant
Gilsbach, B. K., and Kortholt, A. (2014). Structural biology of the LRRK2 GTPase
and kinase domains: implications for regulation. Front. Mol. Neurosci. 7:32. doi:
10.3389/fnmol.2014.00032
Gollamudi, S., Johri, A., Calingasan, N. Y., Yang, L., Elemento, O., and Beal, M. F.
(2012). Concordant signaling pathways produced by pesticide exposure in mice
correspond to pathways identified in human Parkinson’s disease. PLoS ONE
7:e36191. doi: 10.1371/journal.pone.0036191
Gómez-Suaga, P., Fdez, E., Fernández, B., Martínez-Salvador, M., Blanca
Ramírez, M., Madero-Pérez, J., et al. (2014). Novel insights into
the neurobiology underlying LRRK2-linked Parkinson’s disease.
Neuropharmacology 85, 45–56. doi: 10.1016/j.neuropharm.2014.05.020
Gotthardt, K., Weyand, M., Kortholt, A., Van Haastert, P. J., and Wittinghofer, A.
(2008). Structure of the Roc-COR domain tandem of C. tepidum, a prokaryotic
homologue of the human LRRK2 Parkinson kinase. EMBO J. 27, 2239–2249.
doi: 10.1038/emboj.2008.150
Heckman, M. G., Elbaz, A., Soto-Ortolaza, A. I., Serie, D. J., Aasly, J. O., Annesi, G.,
et al. (2014). Protective effect of LRRK2 p.R1398H on risk of Parkinson’s disease
is independent of MAPT and SNCA variants. Neurobiol. Aging 35:e5–e14. doi:
10.1016/j.neurobiolaging.2013.07.013
Heckman, M. G., Soto-Ortolaza, A. I., Aasly, J. O., Abahuni, N., Annesi, G., Bacon,
J. A., et al. (2013). Population-specific frequencies for LRRK2 susceptibility
variants in the genetic epidemiology of Parkinson’s disease (GEO-PD)
Consortium. Mov. Disord. 12, 1740–1744. doi: 10.1002/mds.25600
Huang, Y., Halliday, G. M., Vandebona, H., Mellick, G. D., Mastaglia, F., Stevens,
J., et al. (2007). Prevalence and clinical features of common LRRK2 mutations
in Australians with Parkinson’s disease. Mov. Disord. 22, 982–989.
Inestrosa, N. C., and Arenas, E. (2010). Emerging roles of Wnts in the adult nervous
system. Nat. Rev. Neurosci. 11, 77–86. doi: 10.1038/nrn2755
Inestrosa, N. C., and Varela-Nallar, L. (2014). Wnt signaling in the nervous system
and in Alzheimer’s disease. J. Mol. Cell. Biol. 6, 64–74. doi: 10.1093/jmcb/mjt051
Jaleel, M., Nichols, R. J., Deak, M., Campbell, D. G., Gillardon, F., Knebel, A., et al.
(2007). LRRK2 phosphorylates moesin at threonine-558: characterization of
how Parkinson’s disease mutants affect kinase activity. Biochem. J. 405, 307–317.
doi: 10.1042/BJ20070209
Klein, C. L., Rovelli, G., Springer, W., Schall, C., Gasser, T., and Kahle, P. J. (2009).
Homo- and heterodimerization of ROCO kinases: LRRK2 kinase inhibition by
the LRRK2 ROCO fragment. J. Neurochem. 111, 703–715. doi: 10.1111/j.1471-
4159.2009.06358.x
Korr, D., Toschi, L., Donner, P., Pohlenz, H. D., Kreft, B., and Weiss, B. (2006).
LRRK1 protein kinase activity is stimulated upon binding of GTP to its Roc
domain. Cell Signal. 18, 910–920. doi: 10.1016/j.cellsig.2005.08.015
Kumari, U., and Tan, E. K. (2009). LRRK2 in Parkinson’s disease. Genetic and
clinical studies from patients. FEBS J. 276, 6455–6463. doi: 10.1111/j.1742-
4658.2009.07344.x
Law, B. M., Spain, V. A., Leinster, V. H., Chia, R., Beilina, A., Cho, H. J., et al.
(2014). A direct interaction between leucine-rich repeat kinase 2 and specific
β-tubulin isoforms regulates tubulin acetylation. J. Biol. Chem. 289, 895–908.
doi: 10.1074/jbc.M113.507913
L’Episcopo, F., Tirolo, C., Caniglia, S., Testa, N., Morale, M. C., Serapide, M. F.,
et al. (2014). Targeting Wnt signaling at the neuroimmune interface for
dopaminergic neuroprotection/repair in Parkinson’s disease. J. Mol. Cell Biol.
6, 13–26. doi: 10.1093/jmcb/mjt053
L’Episcopo, F., Tirolo, C., Testa, N., Caniglia, S., Morale, M. C., Cossetti, C.,
et al. (2011). Reactive astrocytes and Wnt/β-catenin signaling link nigrostriatal
injury to repair in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of
Parkinson’s disease. Neurobiol. Dis. 41, 508–527. doi: 10.1016/j.nbd.2010.
10.023
Lewis, P. A., Greggio, E., Beilina, A., Jain, S., Baker, A., and Cookson, M. R. (2007).
The R1441C mutation of LRRK2 disrupts GTP hydrolysis. Biochem. Biophys.
Res. Commun. 357, 668–671. doi: 10.1016/j.bbrc.2007.04.006
Li, T., He, X., Thomas, J. M., Yang, D., Zhong, S., Xue, F., et al. (2015). A novel GTP-
binding inhibitor, FX2149, attenuates LRRK2 toxicity in Parkinson’s disease
models. PLoS ONE 10:e0122461. doi: 10.1371/journal.pone.0122461
Li, T., Yang, D., Zhong, S., Thomas, J. M., Xue, F., Liu, J., et al. (2014). Novel LRRK2
GTP-binding inhibitors reduced degeneration in Parkinson’s disease cell and
mouse models. Hum. Mol. Genet. 23, 6212–6222. doi: 10.1093/hmg/ddu341
Li, X., Tan, Y. C., Poulose, S., Olanow, C. W., Huang, X. Y., and Yue, Z. (2007).
Leucine-rich repeat kinase 2 (LRRK2)/PARK8 possesses GTPase activity that is
altered in familial Parkinson’s disease R1441C/G mutants. J. Neurochem. 103,
238–247.
Liao, J., Wu, C. X., Burlak, C., Zhang, S., Sahm, H., Wang, M., et al. (2014).
Parkinson disease-associated mutation R1441H in LRRK2 prolongs the “active
state” of its GTPase domain. Proc. Natl. Acad. Sci. U.S.A. 111, 4055–4060. doi:
10.1073/pnas.1323285111
Lin, C. H., Tsai, P. I., Wu, R. M., and Chien, C. T. (2010). LRRK2 G2019S mutation
induces dendrite degeneration through mislocalization and phosphorylation
of tau by recruiting autoactivated GSK3β. J. Neurosci. 30, 13138–13149. doi:
10.1523/JNEUROSCI.1737-10.2010
MacLeod, D., Dowman, J., Hammond, R., Leete, T., Inoue, K., and Abeliovich, A.
(2006). The familial Parkinsonism gene LRRK2 regulates neurite process
morphology. Neuron 52, 587–593. doi: 10.1016/j.neuron.2006.10.008
Margalit, D. N., Romberg, L., Mets, R. B., Hebert, A. M., Mitchison, T. J., Kirschner,
M. W., et al. (2004). Targeting cell division: small-molecule inhibitors of
FtsZ GTPase perturb cytokinetic ring assembly and induce bacterial lethality.
Proc. Natl. Acad. Sci. U.S.A. 101, 11821–11826. doi: 10.1073/pnas.04044
39101
Nichols, R. J., Dzamko, N., Morrice, N. A., Campbell, D. G., Deak, M.,
Ordureau, A., et al. (2010). 14-3-3 binding to LRRK2 is disrupted by
multiple Parkinson’s disease-associated mutations and regulates cytoplasmic
localization. Biochem. J. 430, 393–404. doi: 10.1042/BJ20100483
Paisán-Ruíz, C., Jain, S., Evans, E. W., Gilks, W. P., Simón, J., van der Brug, M.,
et al. (2004). Cloning of the gene containing mutations that cause PARK8-linked
Parkinson’s disease. Neuron 44, 595–600. doi: 10.1016/j.neuron.2004.10.023
Parisiadou, L., Xie, C., Cho, H. J., Lin, X., Gu, X. L., Long, C. X., et al. (2009).
Phosphorylation of ezrin/radixin/moesin proteins by LRRK2 promotes the
rearrangement of actin cytoskeleton in neuronal morphogenesis. J. Neurosci.
29, 13971–13980. doi: 10.1523/JNEUROSCI.3799-09.2009
Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M.,
Meng, E. C., et al. (2004). UCSF Chimera. A visualization system for exploratory
research and analysis. J. Comput. Chem. 25, 1605–1612. doi: 10.1002/jcc.
20084
Piccoli, G., Condliffe, S. B., Bauer, M., Giesert, F., Boldt, K., De Astis, S., et al. (2011).
LRRK2 controls synaptic vesicle storage and mobilization within the recycling
pool. J. Neurosci. 31, 2225–2237. doi: 10.1523/JNEUROSCI.3730-10.2011
Pungaliya, P. P., Bai, Y., Lipinski, K., Anand, V. S., Sen, S., Brown, E. L.,
et al. (2010). Identification and characterization of a leucine-rich repeat
kinase 2 (LRRK2) consensus phosphorylation motif. PLoS ONE 5:e13672. doi:
10.1371/journal.pone.0013672
Ramonet, D., Daher, J. P., Lin, B. M., Stafa, K., Kim, J., Banerjee, R., et al. (2011).
Dopaminergic neuronal loss, reduced neurite complexity and autophagic
abnormalities in transgenic mice expressing G2019S mutant LRRK2. PLoS ONE
6:e18568. doi: 10.1371/journal.pone.0018568
Ross, O. A., Soto-Ortolaza, A. I., Heckman, M. G., Aasly, J. O., Abahuni, N.,
Annesi, G., et al. (2011). Association of LRRK2 exonic variants with
susceptibility to Parkinson’s disease: a case-control study. Lancet Neurol. 10,
898–908. doi: 10.1016/S1474-4422(11)70175-2
Ross, O. A., Toft, M., Whittle, A. J., Johnson, J. L., Papapetropoulos, S., Mash,
D. C., et al. (2006). Lrrk2 and Lewy body disease. Ann. Neurol. 59, 388–393.
doi: 10.1002/ana.20731
Rudenko, I. N., Kaganovich, A., Hauser, D. N., Beylina, A., Chia, R., Ding, J.,
et al. (2012). The G2385R variant of leucine-rich repeat kinase 2 associated
with Parkinson’s disease is a partial loss-of-function mutation. Biochem. J. 446,
99–111. doi: 10.1042/BJ20120637
Salinas, P. C. (2012). Wnt signaling in the vertebrate central nervous system: from
axon guidance to synaptic function. Cold Spring Harb. Perspect. Biol. 4:a008003.
doi: 10.1101/cshperspect.a008003
Sancho, R. M., Law, B. M., and Harvey, K. (2009). Mutations in the LRRK2 Roc-
COR tandem domain link Parkinson’s disease to Wnt signalling pathways.
Hum. Mol. Genet. 18, 3955–3968. doi: 10.1093/hmg/ddp337
Stafa, K., Trancikova, A., Webber, P. J., Glauser, L., West, A. B., and Moore,
D. J. (2012). GTPase activity and neuronal toxicity of Parkinson’s disease-
associated LRRK2 is regulated by ArfGAP1. PLoS Genet. 8:e1002526. doi:
10.1371/journal.pgen.1002526
Tan, E. K., Peng, R., Teo, Y. Y., Tan, L. C., Angeles, D., Ho, P., et al. (2010). Multiple
LRRK2 variants modulate risk of Parkinson disease: a Chinese multicenter
study. Hum. Mutat. 31, 561–568. doi: 10.1002/humu.21225
Frontiers in Molecular Neuroscience | www.frontiersin.org 12 March 2016 | Volume 9 | Article 18
fnmol-09-00018 March 4, 2016 Time: 18:54 # 13
Nixon-Abell et al. Functional Characterization of a LRRK2 Protective Variant
Veeman, M. T., Slusarski, D. C., Kaykas, A., Louie, S. H., and Moon, R. T.
(2003). Zebrafish prickle, a modulator of noncanonical Wnt/Fz signaling,
regulates gastrulation movements. Curr. Biol. 13, 680–685. doi: 10.1016/S0960-
9822(03)00240-9
West, A. B., Moore, D. J., Choi, C., Andrabi, S. A., Li, X., Dikeman, D., et al.
(2007). Parkinson’s disease-associated mutations in LRRK2 link enhanced
GTP-binding and kinase activities to neuronal toxicity. Hum. Mol. Genet. 16,
223–232. doi: 10.1093/hmg/ddl471
Xiong, Y., Coombes, C. E., Kilaru, A., Li, X., Gitler, A. D., Bowers, W. J.,
et al. (2010). GTPase activity plays a key role in the pathobiology
of LRRK2. PLoS Genet. 6:e1000902. doi: 10.1371/journal.pgen.10
00902
Zhu, P. P., Soderblom, C., Tao-Cheng, J. H., Stadler, J., and Blackstone, C. (2006).
SPG3A protein atlastin-1 is enriched in growth cones and promotes axon
elongation during neuronal development. Hum. Mol. Genet. 15, 1343–1353. doi:
10.1093/hmg/ddl054
Zimprich, A., Biskup, S., Leitner, P., Lichtner, P., Farrer, M., Lincoln, S.,
et al. (2004). Mutations in LRRK2 cause autosomal-dominant
parkinsonism with pleomorphic pathology. Neuron 44, 601–607. doi:
10.1016/j.neuron.2004.11.005
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Nixon-Abell, Berwick, Grannó, Spain, Blackstone and Harvey.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Molecular Neuroscience | www.frontiersin.org 13 March 2016 | Volume 9 | Article 18
